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~arbon dioxide (CO 2 [10.6 gin]), argon (488-514 nm), and potassium-titanyl-phosphate (KTP) neodymium: yttrium-aluminum-garnet (Nd:YAG) (532 nm) lasers have been advocated for use in the treatment of chronic ear disease by several authors and have been used clinically to ablate diseased mucosa and remnant cholesteatoma in the mastoid cavity and middle ear space. 1-3 In contrast to mechanical methods of tissue removal or destruction, the laser allows for a "handsfree" treatment of diseased tissue in inaccessible or delicate areas; gross mechanical trauma and vibration are minimized. Difficult to reach areas such as the facial recess or sinus tympani can be accessed with fiber optic delivery systems or a mirror that provides surfaces for laser beam deflection. Typically, laser treatments of dis-eased tissues have been performed using defocused beams. This defocusing of the beam corresponds to a decrease in the energy density incident on the treated surface.
Although lasers have many theoretical advantages in the treatment of chronic ear disease, including possible percutaneous, transtympanic, and photodynamic treatment, the adverse effects of lasers on the temporal bone have not been fully investigated. The commonly used lasers in middle ear surgery (CO 2, argon, and KTP(Nd:YAG)) work by selective absorption of energy by either tissue chromophores or waterl A wide range of laser-tissue interactions may result depending on the tissue absorption coefficient for a given wavelength and the laser pulse duration. Although lasers have been used clinically for treatment of chronic ear disease, the data documenting the potential thermal effects of these devices are insufficient.
The measurement of thermal trauma in middle ear surgery has focused on the analysis of histologic changes or measurement of temperature using thermocouples. 4-1° Although the occurrence of histologic changes is relevant, the absence of any structural change or damage in animal models does not preclude the existence of thermal injury, particularly when laser energy is used to treat tissue surrounding the cochlea and facial nerve. Thermocouples do provide precise information with respect to temperature change, but lack spatial resolution in that these devices typically are large, often as large as the region being ablated. Furthermore, thermocouples by design cannot measure the temperature in the ablation site, so only those tern- perature changes that occur adjacent to the area of treatment can be estimated. An additional limitation of thermocouples is that the temporal and thermal responses of these devices vary with the mass, thermal diffusivity, and thermal conductivity of the thermocouple tip. Temperature changes in tissue treated with a CO 2 laser were determined using a thermal camera device, which provided precise temperature measurements with high spatial resolution and microsecond accuracy. Although analogous to traditional photographic devices, thermal imaging devices differ in several respects. 11 Thermal cameras function by detecting infrared radiation from the object of interest. Objects radiate energy according to their absolute temperature and in proportion to their surface emissivity. A single detector element is used to detect this infrared radiation. An image is obtained by raster scanning the optical lenses of the system with high speed oscillating mirrors.
METHODS AND MATERIAL
Mastoidectomies were performed in five preserved human temporal bones. The experiments were done in accordance with and with approval of the Human Subjects Institutional Review Board of the University of California, Irvine. After surgical exposure, the tissues were irrigated copiously with tap water and then placed in a saline bath at ambient temperatures for a week. The saline solution was changed on a daily basis. This was done to leach away as much of the preservative solution as possible. A thermal camera (detector sensitivity range: 8 to 12 I-tm) with a x6 lens, 10.6 gm filter, and close-up lens was used to provide temperature images (Inframetrics Model 600 L, North Beilerica, Mass.). The combined optical elements had a focal length of 6 inches. The detector element was made of mercury-cadmium-telluride with a time constant "c of 0.5 to 1.0 gsec. Detected temperature differences could be as small as 0.1 ° C. Thermal sensitivity was within 0.1 ° C. The detector measures temperature ranges varying from 5 ° C to 2000 ° C. The image was produced by a raster scanning method with two high speed oscillating mirrors for an overall sampling rate of 2.01 MHz. Because the real time images were captured on video film, the overall time resolution of this system was 30 ms, although the system can study phenomena in the order of 100 gsec under select conditions. The images were recorded using a professional quality video camera recorder and subsequently analyzed with a specialized software package (Thermoteknix Systems Ltd., Thermagram v 2.5, Canabridge, UK). The software allowed complex image processing and analysis of the recorded information. An Apple Quadra 840 A/V based video analysis system (Apple Computers, Cupertino, Calif.) also was used for additional image manipulation.
Laser ablation of the exposed otic capsule tissue was performed as previously reported.l-3 A temporal bone was held in a standard holder and tightly secured. A CO a laser (Xanar XA-50, Johnson & Johnson, Colorado Springs, Colo.) was used to perform selective ablation of the otic capsule tissue. Energy was delivered in continuous mode with an exposure time of 100 msec. Power was varied from 300 mW to 4 W with a 200 gm spot size (diameter). This corresponded to a power density varying from 954 to 12,730 W/cm2o The maximum 612 WONG et al.
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December 1997 temperature was determined after the laser pulse. The area of the thermal disturbance was recorded. This area was demarcated by the return of the temperature to ambient values. In general, it was circular in shape. The time for the "hot spot" to return to ambient temperature also was recorded.
RESULTS
Figures 1 to 4 illustrate the thermal effect of a CO 2 laser acting on the facial ridge of a single temporal bone. Figure 1 illustrates the temperature distribution in the temporal bone before the laser exposure was applied. False color was used to enhance the visual contrast. Purple in this image represents ambient temperature (25 ° C). At the base of the image is a color scale, where higher temperatures are toward the right of the image. The information on the left side of the image is from the thermal analysis software. It should be emphasized that all these temperature readings reflect surface temperatures. Interaction effects were obvious to the naked eye at this energy setting. No cracks or fractures were noted in the vicinity of the ablation crater. The crater itself was characterized by brown discoloration, indicating tissue pyrolysis. The lateral extent of charring beyond the crater walls was minimal. The temporal bone illustrated in Fig. 2 was treated with a CO 2 The temperature recorded in the central white "hot spot" exceeded the temperature scale selected for this particular test. The width of the thermal disturbance for the white spot was approximately 2 ram. In Fig. 3 , approximately 2 seconds had elapsed between this image and the previous image depicted in Fig. 2 . The blue halo surrounding the central hot region reflects cooling and thermal diffusion in the bone tissue. Figure 4 illustrates further cooling after another 2 seconds had elapsed. For the data presented in these figures, the thermal camera was set with a temperature range of 5 ° C so that the temperatures that were approximately at ambient levels could be most clearly displayed in the color scale. Figure 5 illustrates the thermal disturbance in the temporal bone as a function of laser power. The area (mm 2) reflects the region of the bone surface that was heated above ambient temperature by the laser pulse. In this series of investigations, the pulse duration was 100 msec in continuous mode operation for a CO 2 laser. As the power increased, the temperature of the area of bone that was heated to above ambient temperature increased correspondingly. This area varied from 100 mm 2 at high irradiance to 30 mm 2 at low irradiances. Figure 6 depicts the dependence of the surface "hot spot" temperature on laser power. The measurement of the peak temperature in the bone tissue was performed using a 1000 ° C temperature range on the thermal camera. The temperature was measured in the center of the thermal disturbance exactly 100 msec after the onset of the laser pulse. The temperatures recorded did not saturate the thermal camera, in contrast to the saturation noted in Fig. 2 , where a 5 ° C temperature range was used. Notably, the temperatures exceeded hundreds of degrees celsius for energy settings that have been reported for use clinically. In Fig. 7 , the time for the "hot spot" to return to ambient temperature is plotted against the laser power. Because these time measurements correspond to the thermal relaxation properties of the bone tissue under particular CO 2 heating conditions, the data may be used as a guide to determine cooling intervals between laser treatments. Measurement of this return to ambient temperature may be used to determine the interval between laser pulses.
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DISCUSSION
Laser stapes surgery gained widespread acceptance in the treatment of disorders of the stapes footplate after Perkins' 12 successful laser stapedotomy using an argon laser. The use of lasers in the treatment of chronic ear disease has had !ess widespread acceptance, despite several studies demonstrating the use of these devices, because of concerns of thermal events during ear surgery.
In these applications, the temperature of the ablated surface is important for several reasons. The destruction of keratinocytes may be accomplished using an energy density that does not cause obvious ablation (charring in the case of CO2). Lower energy would theoretically decrease heat conduction to critical underlying neuroepithelial structures in the otic capsule. Even minimal heat transfer to the perilymph may result in thermal damage to the surrounding neuroepithelium and potentially create sensorineural hearing deficits or temporal bone.
Our infrared temperature measurements demonstrate the linear dependence of "hot spot" temperatures on power density. Thermally perturbed areas also depended linearly on power density, as did the time for the "hot spot" temperature to return to ambient levels. These observations suggest that absorption characteristics (and energy deposition) as well as heat removal rates did not change as a function of power density in our study. Thermal modeling as well as additional measurements (now underway) will extract quantitative values for these characteristic parameters (thermal conductivity and diffusivity) over a broader range of time exposures and in other tissues, such as cortical (substantia compacta) and lamellar bone (substantia spongiosa) in addition to otic capsule. Such complete analysis will provide a rational and empirical basis for safe and predictable laser use in the surgical treatment of chronic ear disease.
Even without detailed thermal modeling, however, the fact that we detected no cracks or fractures caused by thermal or mechanical stresses, along with the confinement of carbonization effects to the ablation crater alone, is very encouraging. This suggests that with proper parameter selection, CO 2 laser surgery in hard tissue can be accomplished safely while achieving the desired ablation effects.
In the surgical treatment of chronic diseases of the ear, possible laser applications include the destruction of residual cholesteatoma, fibrotic tissue, and diseased mucosa. The selective destruction of these tissues may be accomplished using an energy density that does not cause obvious ablation (charring in the case of CO2) and hence less "thermic loading" of the surrounding tissue. The current technology used in clinical practice
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Volume 117 Number 6 WONG et al. 61,~ does not provide the information necessary to monitor and determine temperature adequately. The power-temperature-cooling curves presented in this article have practical application in minimizing the thermal injuryduring laser surgery of the ear. The need for accurate temperature determination will become more important. As low cost, portable and even hand-held diode laser systems become more readily available, the laser may find greater use in surgical treatment of chronic diseases of the ear. Transtympanic, percutaneous, and even photodynamic methods to treat chronic ear disease may-become possible and offer significant cost reductions over current methods that are heavily dependent on drills and extensive mastoid exposure. Infrared imaging devices, as this study demonstrates, may be of use in monitoring and determining temperature during laser surgery of the ear.
